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TECHNICAL NOTE 2914 


A METHOD FOR RAPID DETERMINATION OF THE ICING LIMIT 
OF A BODY IN TERMS OF THE STREAM CONDITIONS 


By Edmund E. Calleghen and John 8. Serafini 


SUMMARY 


The effects of existing frictional heating were analyzed to deter- 
mine the conditions under which ice formations on aircraft surfaces can 
be prevented. A method is presented for rapidly determining by means 
of charts the combination of.Mach number, altitude, and stream tempera- 
ture which will maintain an ice-free surface in an icing cloud. The 
method can be applied to both subsonic and supersonic flow. The charts 
presented are for Mach numbers up to 1.8 and pressure altitudes from sea 
level to 45,000 feet. 


INTRODUCTION 


As the operational speed of aircraft is increased through the tran- 
sonic region, the frictional heating available to prevent the formation 
Of ice on the aircr&ft becomes an important quantity. The operation of 
missiles and interceptor aircraft is therefore possible under pre- 
determined values of altitude, stream temperature, and Mach number which 
will preclude icing. The set of flight conditions which provides а 
surface temperature of 529 Е Рог а particular point on а body traveling 
in an icing cloud is termed the "icing limit" for that point. The 
analysis presented in reference 1 relates the frictional heating, evapor- 
ation, and heat transfer for this particular condition. This analysis 
was applied to a symmetrical diamond profile airfoil at zero angle of 
attack and it was found that the most critical region of the airfoil in 
terms of icing limit was on the rear surface behind the midchord 
(shoulder). Although this region is not subject to direct impingement 
of water droplets, the water film caused by droplets impinging on the 
front surface runs back over the shoulder and extends the hazard of 
icing over a large percentage of the airfoil. Icing might therefore 
occur at any point on a body which is subject to droplet impingement or 


runback. 


Experimental verification of the calculations presented in refer- 
ence 1 was obtained at the NACA Lewis laboratory on a diamond airfoil of 
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5.50 inch chord апа 6.82 percent thickness for a Mach number of 1.56 and 
Several pressure altitudes. The good agreement between experimental and 
analytical results provides credence for the analytical method presented 
therein. 


The procedure used for calculating the icing limit in reference 1 
can be applied generally to obtain the icing limit-for any body provided 
the flow conditions about the body are known. The charts presented 
herein are based on the analysis of reference 1 for calculating the icing 
limit at any point on a body. These charts are similar to that shown in 
figure 1 of reference 1 but cover an altitude range from sea level to 
45,000 feet. Several auxiliary charts are also presented from which the 
pressure coefficient, velocity ratio, or local Mach number at a particu- 
lar point on the body-can be converted to the parameters utilized in the 


icing limit charts. 


2 ^ SYMBOLS 


The following symbols are used in this report: 


Ср pressure coefficient, Еа T 
1/2 АЛ 
ср specific heat of air at constant pressure, Btu/(1b) (°F) 
e vapor pressure, lb/sq ft | 
k. coefficient of evaporation 
E coefficient of heat transfer м - 205 0 Шақ к 
L l&tent heat of vaporization, Btu/lb 
M Mach number _ 
Ша, molecular weight of air 
Mo molecular weight of water vapor 
p static pressure, lb/sq ft 
r recovery factor 
T Static temperature, ов 


То, е minimum free-stream static temperature corresponding to ice-free 
4 condition on surface ав defined in eq. (2), 9R 
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V velocity, ft/sec 

Y ratio of specific heats of &ir, 1.400 

p density of air, slugs /cu ft 

Subscripts: 

O free-stream static conditions 

1 local conditions at edge of boundary layer 
S surface 


ANALYSIS 


The generalized heat balance in ап icing cloud for an insulated 
body heated only by frictional effects is given as follows: 


(1) Heat due to the frictional, or viscous, effects 
plus 
(2) Heat due to the kinetic energy of the water droplets 
plus 
(3) Heat of fusion 
equal 
(4) Heat lost by convection 
plus 
(5) Heat for evaporation of water 
plus 
(6) Heat required to raise temperature of water droplets from stream 
temperature to surface temperature. 
Hardy's relation (ref. 2) is obtained by equating the frictional 
term (1) to the sum of the convective term (4) and the evaporative term 


(5). The heat of fusion term (3) is equal to zero if an ice-free 
surface is defined as being fully wet at 32° F with no ice particles in 
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the surface water film. In addition, terms (2) and (6) are of the same 
order of magnitude and tend to offset each other for calculations of the 
icing limit. Both increase in value with increasing Mach number; large 
values of either term are found only at large values of liquid-water 
content and flight speed. Such a combination is highly unlikely in 
actual flight since high speeds usually occur st high altitudes, and 
high altitudes imply small liquid-water contents with the exception of 
flight in cumulus clouds of great vertical extent. 


The results of reference 1 indicate that the relation of Hardy 
(ref. 2) applies in particular to a surface barely wetted by a very thin 
film, but is probably nearly correct for the whole range of speeds and 
liquid-water contents of practical interest for high-speed flight. 


The relation of Hardy is given in reference 1 ав 


Kama L 
ی‎ = т (1 + 20220) ма 4.25 на Е (1) 


Because interest in this problem is fixed оп а definition of flight cir- 
cumstances that provides local surface temperatures of 32 F, the terms 
Та» L, and eg are constants. Hardy observed that for the range of 


temperatures near 32° F the ratio of the evaporation coefficient k, to 
the heat-transfer coefficient k, is very nearly unity. Іп addition, 


the air in a cloud is fully saturated at the static or free-stream condi- 
tions and the free-stream vapor pressure ес is therefore equal to the 


saturated vapor pressure at the free-stream static temperature. If it 

is assumed that tbe flow about the body, outside the boundary layer, is 
accomplished with no change in phase, that is, no condensation or еуар- 
oration, then Dalton's law o? partial pressures applies and 


Equation (1) can therefore be rewritten in the form 


r 2 
Ті (1 + = м?) 12.75 ео 
492 -------------- Ту < - 2776.5 - ----- 
To c ? (P1 /Po) Po - 12.75 РО = ес 
(2) 


which is quite convenient for purposes of c&lculation because 
(т то, а) (2 + r= т м2) апа ру /Ро сап be readily calculated at any 
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point on а body for shock-free flow from the pressure or velocity dis- 
tribution, the stream Mach number, and the recovery factor r. When the 
Plow about the body contains a shock, then the parameters 


(11/19, с) (1 кг T м2) апа p1/Po can be obtained. from the local 


Mach number, the stream Mach number, the pressure coefficient, and the 
recovery factor г. 


PREPARATION OF ICING LIMIT AND AUXILIARY CHARTS 


Because eo is a function of То о, the solution of equation (2) 


must be &ccomplished by trial and error. In an effort to reduce the 
laboriousness of such calculations a number of charts have been made and 
are presented in figure 1. For each pressure altitude considered, the 
free-stream static temperature corresponding to an ice-free condition 


я -l 
То,с is plotted as a function of the parameter (11/10, 4 (a + i r ма 
by means of equation (2) for constant values of P1 /Po' For each set of 


values of P/Po and (Ито, о) (1 + r= г ма) ‚ а free-stream static 


temperature exists which corresponds to a surface temperature of 520 Е 
and therefore represents the minimum free-stream static temperature for 
an ice-free surface Toc: The lower limit of the free-stream static 


temperature was considered to be -40° Е , Since it has been shown (refs. 5 
and 4) that supercooled water droplets are not likely to exist below this 


temperature. 


The ten icing limit charts presented (figs. 1(а) to 1(3)) were cal- 
cul&ted for pressure altitudes from sea level (fig. 1(а)) to 45,000 feet 
(fig. 1(j)) in 5000 foot increments. The use of the icing limit charts 
requires the knowledge of the parameters (ғ,/т, қ (2 + = r м, 2) and 

2 
pi /Ро: For shock-free flow both these parameters can be readily calcu- 
lated from the pressure coefficient Ср or the ratio of local to free- 
stream velocity үу Мо and the stream Mach number. For most subsonic 


airfoils either the experimental pressure coefficient or the calculated 
velocity ratio is known. A variety of methods is available in the lit- 
erature for determining local values of Ср or Vi о for almost any 


body in shock-free flow (refs. 5 to 9). 


In the transonic-supersonic regime, wherein a shock normally exists 
in the flow field, the flow field &bout & body is not defined by the 
pressure coefficient and stream Mach number alone and an &dditional 
parameter such as shock wave angle or Local Mach number is required. 
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Most of the results in the literature are presented in terms of local 
pressure coefficient and local Mach number for constant values of free- 
stream Mach number (ref. 10). 


The pressure coefficient may be relsted to the pressure ratio and 


the stream Mach number by the compressible flow relations for а perfect 
gas without the assumption of isentropic flow as follows: 


Рі - Ро  2(21 - ро) 2 [PL 
2 Povo Y Po Mo To 
(3) 
m 2 ú 2 
Bo = 1 + £ Mo Cy = 1 + 0.7 Mo“ Cp 


Hence this result applies to both shocked and shock-free flows. 


The velocity ratio may be related to the pressure ratio and the 
stream Mach number in the following manner for shock-free flow: 


2 2 
E Ра а Ро Po Рі M к. 8)" ( a] 
V 7 2 0, 
Ë POM za о Po My 
The static pressure - Mach number relation for isentropic flow is given 
by 


T Q bue 
EI 
1+ حي‎ 
Solving for M^ gives 
у-1 
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Therefore 


(4) 


Y-1 2 
The parameter NA d + — r Му ) is related to P,/Po» the 
stream Mach number, and the recovery factor in the following way for 
shock-free flow: 


т-1 
T 7 p T 
— ) + چ‎ = му) = (55) б + be њу 
О,е 0 
but 
_ Y 
1.2 fF у 1.2 
Y-i = [ — r- 


Multiplying both sides by г, adding unity to each side, and rearranging 
terms yield 


Е Y 
-l ,,2 1 -l 2 
1 + r £= M = (= ( + ba’) = + (1 - = 


I p 
1 Y-1 а\ _ 7-1 „2 =) 
T (им?) = ) + two) =+ G - (а 
0.286 


= (1 + 0.2 Mo) r + (1 - г) (ж) (5) 
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For shocked flows the pressure ratio can be obtained by equation (5), 


but the parameter (то, (2 + Іі r м2) can no longer be related to 


the pressure ratio and stream Mach number as for shock-free flows 


(eq. (5)). 


The parameter (m /zo,e) H + r= r м2) can, however, be related 
quite simply to the local and free-stream Mach numbers. Тһе temperature 


ratio T, /T. is given in terms of Mach number by the energy relations 
which apply to both shocked and Shock-free flows as follows: 
1 + X 
п 1 +Z мо 
To el. д 
therefore "E .. .. Я _ 
1-2 -1 
T L + Mo 
Т - с + r= r w?) = — 2 с + r= r ња) (6) š 
0,c 1 + г. M 


The pressure ratio ру/ро can be readily obtained by use of equa- 
tion (3) if. Мо зла Cy are known. Тһе term мог Ср can be calculated 


from experimental pressure distributions which &re usually presented for 
each value of Ма in terms of Ср. 


Theoretical velocity distributions for many bodies are given in terms 
of the velocity ratio or the square of the velocity ratio. The conversion 
from velocity ratio to pressure ratio (eq. (4)) is shown in figure 2, 
where the pressure ratio is plotted as & function of velocity ratio for 
constant values of the stream Mach number. 


Figure 3 ed the conversion from pressure ratio to the parameter 


(ео, (2 T inci = г мо) as E by equation (5) for shock-free flows. 


The parameter | (2 + == т = x мо?) is plotted ав а function of the 
Stream Mach number Мо Рог абы Сал v&lues of- the pressure ratio P- /Po' 
Figures 3(a), 5(Ъ), апа 3(c) are given for values of the recovery factor 
r of O.80, O.85, and 0.90, respectively. 

The rel&tion given by equation (6) is shown plotted in figure 4 where 
the parameter (п/о, с) 1 me r м2) ів plotted ав а function of the 
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stream Mach number for constant values of the local to free-stream Mach 
number ratio М1/М0. Figures 4(a), 4(b), and 4(c) are given for values 


of the recovery factor of 0.80, 0.85, and 0.90, respectively. 


Discussion and Illustrative Examples 


Most aircraft components which are exposed to icing are of airfoil 
or streamlined shape. For this general class of bodies most of the 
cloud water droplets impinge near the leading edge or nose region. The 
icing hazard, however, is not limited to the region of direct impinge- 
ment, since if the impinged cloud droplets do not freeze (because of 
frictional heating) they create a surface water film which flows back 
from the impingement area. The whole region wetted by the film must 
therefore be considered as a region of possible icing hazard. 


The critical point on an airfoil or similar body (1.е., the point 
where the largest value of То,с is required for а partieular value of 


stream Mach number) occurs &t the minimum pressure point because the 
decreased pressure enhances the evaporation and results in & reduced 
surface temperature. If impingement occurs only near the leading edge 
or nose region, the evaporation in the region &head of the point of 
minimum pressure may be sufficient to remove all the water film and, 

in such a case, the results obtained from charts l(a) to 1(j) would not 
apply. The actual critical point might therefore occur forward of the 
minimum pressure point; therefore, values of To ,с based on minimum pres- 


sure at a particular Mach number would be greater than actually required. 


The use of charts l(a) to 1(j) сеч be shown most readily by means of 
several examples. The following example illustrates typical results in 
the subsonic speed range. 


Example I. - Calculation is made of the free-stream static temper- 
ature required for an ice-free surface as a function of Mach number for 
ап NACA 65-206 airfoil at 15,000 feet pressure altitude and jJ. amgle of 
attack. 


The velocity ratio Vi/Vo can be found for this airfoil by the 


methods and results presented in reference 5. The maximum velocity ratio 
(minimum pressure ratio) for this airfoil was determined to be 
ТАР = 1.129 and occurs at the 45-percent chord station on the upper 


surface. Assuming а value of tbe recovery factor of 0.85 and that the 
surface is wet at this point determines To;e in the following way: 
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Free-stream porrige Parameter Minimum free-stream 
Mach number ratio, р. /р T " static temperature 

My у dur ci" 1 1 + = or M^ T у 

(fig. 2(b) and) То, о 2 8 9,07 

V ) 21 
1/0 |818. 5(v), Po? Moj [?1g. 1(a)] 

O.400 486.8 

.500 485.8 

· 600 480.0 

‚ 700 475.6 


The v&lues of То, с Obviously decrease with increasing Mach number аз 


would be expected. The results of example 1 show, however, that even 
at а Mach number of 0.7, protection is provided at stream temperatures 


greater. than 169 Е. 


Example 2. - This example is presented to show typical calculations 
and results in the transonic speed range. Determination is made of the 
relation between stream Mach number and stream static temperature which 
will provide an ice-free surface at the midchord of an 8.8 percent thick 
circular arc airfoil at zero angle of attack for altitudes of 10,000, 
25,000, and 40,000 feet. The recovery factor г is 0.90. 


The values of pressure coefficient Co and local Mach number M 


can be obtained from reference 10 for stream Mach numbers of 0.848 to 
1.500 and are listed ав follows: 


TO,c; OR 


Altitude, ft 


‚| (fig. 
1(c))| 1(f)) 
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The results of example Z &re shown plotted in figure 5, where the 
stream static temperature corresponding to ап ice-free condition is 
plotted ав a function of the flight Mach number for the three altitudes 
considered. The effect of altitude is clearly illustrated. The free- 
stream static temperatures required for protection are higher at the 
higher pressure altitudes, as would be expected; since, if other condi- 
tions are equal, the decreased pressure enhances the evaporation rate. 


Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, December 4, 1952 
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(eq. (2)). 


15 


Minimum free-straam statio temperature, To, e Фа 


“зорат ченин БЕН НА ПАРЕ ТЕ 
ы ЧЕН iiid niet 2. ШЕ: ЕН о dta 
RETIRER INTE ЕН 
ME Rx SERE шш SUN КН: ini ur ibis pince EBD EC 
Ha НН p ЖЕНЕ НЕНЕН Mo H: MEE pups У ТАН 
HH Hone ee PA PN stat Hie НЕНЕН АННАН ` ТЕТЕ НЕ B: ІН: m 


ш ees un a lu: NE ue Eu : 4. a | 
. a АНА E 
АЕ ae ак ERRE Н ЕЕ ИЕЛЕП ebbe SEIEN 

410 4. 1227 А. н ШШЕ 
ТЕ, ЕНЕНЕ 112 RN ҮШ mpg E ШИНЧЕ ЕНЕ 
ШЫҚ КА Хера ДЇ DOR КОҢ, Aus VIN ШІН ЕНЕ ВЕ Has T E 

Aso EET ЕЕЕ ЕЕЕ FEN SR XE Че ва MP “sia Hef is publ ЕЈ : |ЕДЕ Hi iH 
КЕНЧИ ETR E RES p RA ЦЕВИ _ UM. 
HER D T C PSS NRT .44:. 
ИЕ T Es 147... СЕЗЕДІ THEI re ae al 

Nu dm mr died АҒЫ А ЕЕ ie МАНА ЩЕ THUS ШЕН ЕНЕН 
ELEM ШЕЛЛ Т Бен кака SENE NEU: [E ER RS ШЕШЕН 


п 2. "pu NC КҮЛ ЧЕ ҮА SE NONE IT Vii ERA 
ИЕНЕН pepe pue um сто оста aa NT ШІ Milo decere 


E 


БЕЗІ ЕНЕ ji: Е ШЫН ШШЕ i: uut и Е S SHINE NURSE 
pp cd p TM NE qos а БАТЕ gel RM Ei 
БЕКЕ Шш ss 111507702 RS LE apt aa 
dp 2 pu NS NS И 

NAT ma 21 "E ue l so PLN NN а ataqa а er UL Led Н 
SEAGER Ps AR EE ОО. MESE Т NUES LES ASI ERE и 
4. d s ПЕН ІНЕ ош — Е SEN MUNDI RENNES asi ШШЕ 
EE БЕБЕ Б; ЕШТЕН DNE ИТ a AE Ra ШЕ 

420Ш ЕРА Е: ЕНІ ИШ SIEHE pus Е ШЕННЕ nip TEH ШШЕ: ЕЕ: ES i dE ІН НЕ NIN ER Piel BINE gh ас ЧЕ : E 

1,00 1.04 1.08 1.12 1.16 1.20 1.24 1.28 1.32 1.56 


Parameter (m/f, o) (a + ri T" н,2) 
(e) Pressure altitude, 80,000 fest. 


Figure l. - Continued. "Yaristion of minimum free-streen static зетреткілге ТО, с corresponding to the ice-free 
condition with permneter (о с) E p r x?) for тез ста pressure retios (eq. (2)). 


1182 


9 T 


7165 NL VOVN 


“зор шір ИЕ 


Minimum free-stream st5tlc temperature, 


2811 


АДА Ih: астро E ШЕ НЕЕ ЕШ | ЕЕЕ НЕ Е ilia RHEN THE ЫШ НЕ HE AS À Е. 


d lin uM ТАЗЫ и, ҮҮ ЕНЕ ІНІҢ? 1 i al Ве Е м 


Xm 157 UE 2... 


DRIN 


ІЗ. a . 

i n ПЕЕВ 1. E ` 2 ‘elf {НЕН ҮШ HH: 1 qo ЕНІН ЕЕ | EIER Hih 
gm H НИЕ ЕН КЕ ІШІНЕ VN FEL NEN ШЫ AERE NI ЧЕШИ aN "70 ЕНЕН STER HHE HESS ЈЕНЕ dr E 
1. ИН ^ NS АН ие ү! m M ИШ! 


TREE | 
ЧЫЛК UN Е ШЕ 
i ШО г. WI NY ЧЧ UMS ПАП ШЕШЕН НЕЧЕН ШЕЕ ИШ E liti 
ЕКОЛ Ps ШЕШЕНЕ Ка SUSAN NEN БАШ КАШ ЕЕЕ ЕИ ЕГИ ШТ 
ЫИ E REEL EE E aH Re ft SA RIEN. muU TI 
КН pide НЕ PE ЕНШЕ ETE SONUS НЕЕ SH ihr l ККИ oA ЇЇ 
mn ЈЕ ЈАНЕ HHL THEE aii ШЕЙ ШЕН ЕЛІК И ЧАШ Чи КУЛШ UM IPSA, CERE LESEN FRASER На 
А as dpt ШШЕ ИШИДИ: [ЧЧ ШАК ӨЕ DOSE rein SEM iid ШЕТ 
cage a la ea ШЕЕ НЕ bali mil iili: wen Aa ЕЖ K ОЙК КТЫН ЕП 
ҮШ ЕНШ ЧЕ ШЕННЕ Е: НЕН ШЕЕ ЕЕ ДЕ Tn ок | ie QNA Е ШЕ ШШЕ. 
ИНЕ 23 НЕН 1. 112. | үт, 
ШЕПНЕН Ne 125 H Ж ТЫШЫН ЕНІН HH. Y" ү 
12. iod со! Mes ne ae 
ЧАНЫН. E iini i CN RUN ШЫ SN 22. BR 
ЕНЕ HHTH HHR НЕШ AER ІНЕ ЕН шй: = 10 n. i ЫШ НІНЕН 
tup ЕЕЕ TAME: АЛАНА БИЉА SONG UNE 
A20 ІНДЕ iuis ERR ui taza E ІНШІНЕНЕ BED f ІНЕ zi iit + HH DE ӘННЕН К ЫК ЕЛЕНЕ SUN SEE ІНЕН 


pem Zn 


Е 


1.00 1.04 1.08 1.13 1..18 1.20 1.84 1.Е8 1.52 1.56 1.40 


Parameter (т,/%0, о) (1 + Б г x2) 

(f) Pressure altitude, 25,000 fret. 
Figure 1. - Continned, Variation af minimum free-stream static tempernture EN 
witb parameter (1/70 с) (1+2. ну2) for various preswre ratios (eq. (2)). 


corresponding to the ice-free condition 


ЗА 


7162 NL VOVN 


LL 


RE | 2. 


` 
. 1 [711 1471] 


EHE НИНИ НЕ! ШЕЕ THE i- 


in! lj) КЕТИЛЕТ КЕЕ ЕЕЕ дали 
IUE и: HALE HP H HiHi em 
ВЕР LH Ub HT HT icu D цаца: NAE їн i HUE 

АЕ a | i eu a m. cu n TE 

HHH ВЕНЕ i re ca E B 
НИ: ШЕ Е ju ЖЕН ИЕНЕН 225222222466 -2505 22222521 HEEL 
Lu ШЕННЕ НЕН: E um HEI Hda «2 RTS ЊЕНЕ ЕНЕН 
«rol ВЕ ЕНІН lee | НЯ iani cR ME ДЕН EE SLE ЈЕВ с ун . a ЕЕ; 

ШИТ iis ВЕНЕ ИН . mE 

Ет 


HHI il: Н PRN SI M EIN. Ne us В ШЕН НЕ 
d EDD a Е. га е i ud 1. НЕН 

i55 ЕШ fcil er 2-1 ala pna ЧЕ RR | 
E ин НЕ |: НІНЕ HH ЕГЕ Е diti: Ht: Ë i eal Wr ЕКА Е Қ (КЕНОРЫНДЫ NE nit VEMM RR i NES 
UM КИШЕН ЕЕ E OU MU d окы | A 
с ЫШЫ. ү it i NNUS HEN SRE. МИН N Pa сори ний 

mi ШШШ ШШ ИН үү Pre eg MEAN rt ENG OR e К elf a 
n 7. pt ue | У ҚАҚЫҢ BS 
EHE "t ШЕЕ iL PSI МАНИ 
ІІБ НЕ АНЕ Мә 


uc E H: ЈЕ Sp p 


Е 


ч 


| F: 


2. Hs a E v | AOE 
А 


| à 
Ша 
ЕТЕНЕ 


x 


dee 
us 
Би 


НЕ ИШЕ КЕН ИШЕ 
b Tt: BR] ПІШЕНГЕ ЕЕ, 2424... ran КЫТЫ 
> ИШ ШЕТІ T" НЫҢ TQUE ENG ДАСЫНА al NO САНАҒЫ EA HHP AE 


Hinir free-strean static temperature, То, с ?R 


in НЕ ИДЕ ВЕРА X ка НАН» 
ma aq ER SIN Nd CEPI NS INE 


er HE И ОЛ Dh ih mm га ива Ре FRI mou ржа В РАИ 505% : 
: : БЕННДЕННӘНДЕ ИЕ E HEHEHE : ПРЕ Z А ОУ ТЫЛДА WB 
аға ЕЕ Pi ЧЕ TA AS i: eai НЗ РЕНЕА us NE TES = e e 
1.00 1.04 1.08 2.14 1.16 ES 20 1.24 1,58 71. 40 
-Д 
Perzmetar (rito, с) (2 + т My >) 
(g) Pressure altitnde, 30,000 feet. 


Figure 1. - Continued. Variation of minimum free-stresn static temperature Yo,o corresponding to the ice-free condition 
vith parameter (53/10, ,)(1 + TÈ r иу“) for verious pressure ratios (eq. (2)). 


. | 2811 


ƏT 


у162 Nb VOVN 


1162 


КАСА TN 2914 


ІШІН : 
MITTERE 


"НІН Тт. 


enne 


HHHH 
LLL 


HH 


al 


11124! 


mabe 


"nat 


a03 fer erode, 571318 позгув-азлр UTuxTUTN 


sae pel 


HER 
1 


12 
1.52 


ТЕНЕ 
1.26 


ЕИ ВЕНН. 
15 1 


1g 


1 


ТЕН 
08 


i 


HET 
404 


1 


к) 
00 


55,000 feat 


(h) Pressure eltituda, 


streams static teapernture Toc corresponding to ths ice-free condition 


Continued. Variation of minimum frec- 


Figure 1. 


for various pressure ratios (eq. (2)) 


(2 + r r x?) 


with parameter (21/10 c) 


19 


20 


МАСА TN 2914 


4605. 


TE ШЕЕ 
22222222252252252222222222:542222254:8222254515111:54511211152151215220022 2222: 
ЕНЕН ЕНЧА НЕ TOEBCIDE BRE SIE 
пили HEH ús. sss шиш RE "ЕЕЕ HEHEHE 
РН ЕЕЕ pui ХЕ HHH EE: 
2Е:2251255222222222455544222221452111244:222211221221122522:222112122222125255225:1 
LL EEL THEE 
ЕЕЕ E E НЕ 
E ЕШ УНИОН EE 

= 28222125552422225252122552:::::2551:5:52222112221212251:212222221225144254:2:) 
See See чинки wam пиши HH- ши СТЕК tf HH- HHH ишш 


~ 
о 
~ 
о 
E3 
~ 
Ë 
Ë 
: ЕЕ 
HIE i 
c: ЕЕЕ : 
РЕР ЕЕЕ 
t HELL ЕЕЕ 
42 RERBA TEEERESEREA АН иш кипа та BESHENNE REM mum "НЕН ГЕК AEE ee ee 
m ЕЊЕ ЕЕЕ ЕРЭН ni ROHERERE НЕНА 
5 : £ РЕНЕА НЕ 
H ЕЕЕ ЕНЕ ЕЕЕ ЕЕН ЕЕЕ HAT 
МАНА ЕЕН ЕЕ СЕРЕН 
а ДЗЕН ТЕНЕТ ЕНЕ НЕНА ЕЕЕ 
Ф МЕ А HHEN ДАРА НЕНА СЕНЕК HT 
Ф КЕСЕНЕ ШК ЭР ЕРЕ ЧИГЕН ЧЕНЕ ЕЕЕ ЕГИН 
се ВЕЧЕН, 62 ЕР АНЕ ЕН nuu 
+E CHEESE HENCE S IHRE RR ER HEEL 
IN NG E TNE um ЕЕ ЕЕЕ 
REI ПЕКО НЕ 
БЕСЕ ЕЕ R ЕЕН НЕЕ HER NACA ЗАРЕ 
zi «го 253: ЕНЕНЕ ЕНЕ ЕНІН ЫНЫ EH: 


1.40 1.44. 1.48 1.52 1.56 


Parameter (Т1/То,2) d + Y= r м2) 


(h) Coneluded. Pressure altitude, 55,000 feet. 


Figure 1. - Continued. Variation of minimum free-stream 
Static temperature То, е corresponding to the ice-free 


condition with parameter (74 /То,с) (1 + L= i r ма) for 
various pressure ratios (eg. (2)). 


2811 


Minima free-streem static temperature, То,а, ОВ 


% 
o 


at mas: ^ к и 
T rur HTEHEHHTEHRIHHTE CHEM ЧАН ІНГІ ч ТТ в 
DIES ННВ RUE 


! ЯНЕ ШЕТ ИТЕН 
tire 


ЗАРА НА Ен НЕ: 
. HUE в“ РРА 


M 
НЕНТ 
НЕ 
-H 
а илиниш пана ЕН 
ва. 
EniuEuh, Q 
ee RÀ. 
при ра не цы, ч 
ЕНЕ 
mmpuuupsumu* пиликли 
РРР ЕН ик inss 
TEETE "TT 


мини ни 
TED 


шын: TE 
= 


Parameter (01/90 o) (a * n r x?) 


(1) Pressure altitude, 40,000 Teat, 


1192. 


Dum К 
РА gis 


Figure 1. - Continued. si ure of minism fras-atresm static temperature 70, с corresponding to the ice-free condition 
with parameter (1/70 „о (1 + БЕ г H 8) for various pressure ratios (eq. (2)). 


FPT62 № VOVN 


Tš 


Minimum free-stream static temperature, TO,c, OR 


= - NACA TN 2914 


480 HEARE ЕР HE 
ННН ЕЕРЕЕ ЕНН ННН ЕЕЕ ЕЕЕ Е ЕНЕНЕНН ТЕН 
HE TH HEHEHE PUTT E 
ЕЕЕ ЕЕН ЕЕЕ ЕНЕНЕ СЕННЕН Е ЫШ 
НЕНА N ННІ ЕНЕ нана аг - imt zi 
пана хаяна вания COCR EERE CEE EEE EEE EEE EEE EEE EEE EEE EEE HEE EEE EEE EEC Ee LL 
ERES p uL UE 

„о ШЕЕ E E E АНА НЕ 

БЕНЕН НЕН EEE EEE EEE НЕН ЕНІНЕН 
uuum uH Ud cud 
ctu Mul Ep cue 
ЕНЕН БАНЕРА ВЕНЕ ЕЕЕ ЕНА Е BH H 
ЕНІН НЕН EE E ЕНЕҢ ЕН ЕНЕГЕ ІНЕ 
МЕНЕ НЕ НЕ ЕН НЕВЕН PEE E 
LOSE EEE ЕЕН ЕЕ DHURHEHHHIBHHIEHIHRESEHEBHG 
nm "EEBERBHEBEREZME МГ HHH BERE PHE EENE " шаничња zs LLLTI! H- 

«бо pus 
ЕВЕ БЕН EIE Шиши PEE EEEE 
NCEEHFEH PHHH EHAN SEHH ГЕНІН OTH HEFTE 
ll OE N 

ЕН ВЕРЕР НЕНЕН E E E RE ЕНЕН: 
ЕН ЊЕ DERE p uer dun 
ILL] ERR. I lli EEEN E ли LITT | LI III NEEN низини ERE ERR a Kang 22 z 

EHEHE Е 

450 ESEH 622201221210: КЕЗЕННЕН ЕН НЕН ЕНЕ НЕН ІН 
CEEERCRIHHPRUIOHDIING A ВЕНЕ HE ЦАНА ЕЕЕ 
МАН НЕ РЕНЕ НЕ НЕНА NTE EHH EHLE HE 
mu E НЕ 
ESE TON HT EES HEGE HEE 
I IE I || 1 [3 tl BRAGS IN Twas... HHH NIH -HHHHEHHEHEHHHTB HERE НЫ = 

[unen ENDURO ON C O 
SCONCE HH HAN EENE H NHH ANHEE EEE EE EEE EE EE 
mc NG e deu du НЕ 
НЫН ННІ Е ТЕН ЕНШІ 
BEELER CECE EEE Ny ЕЗЕН ЕНТЕР ЕНЕНЕ ЕЕЕ КЕЕШ ЕЕЕ 
ЕНЕНЕ ЕН СЕЕН НЕН НЕИН H ЕЕЕ LUN EE ЕДЕН 
ЕКЕ. ЕН ЕНҒЫН ЕН ЕНЕҢ 
тінен ЦЕНЕ ЫН EREHE REEE EHE 
um ОТ: ПТР UEENEEEBENER, сова ка EHBNENN.CENHERBNENENEN4NLÀUWEHRNENN = ET. | "nm = 
МЕННЕН НЫН ЕН ЗЕН НН 
азо Н КЕННЕН ЕЕРЕЕ E EEHEES EEE EHHE ENEH 
HHHH EE AN H r n H HHHH NEH NOEL 

LESH EE HENE PHONE KTHEN- HERE HEEN, 
НЕВЕН, 80 Sas ЕНЕН БЕЕН ВЕРЕНА РЕНЕ НЕ БН 
БРЕ CON CEE 232421: Hu HHH РАЕН 

à дана LI HEHE‏ = — للل 
ч тим‏ 


` ВЕ 
поверен асаа ГЕНІ ЕНЕ: ANE EHE 
420 ЕНННННЕННН НАН ЕНЕН: БЕНЕН E 
1.40 1.44 1.48 1.52 .56 1. 60 


Parameter (T /To, c) (1 + = r M4 


(1) Concluded. Pressure altitude, 40,000 feet. 


Figure 1. - Continued. Variation of minimum free-stream static 
temperature To, с COrresponding to the lce-free condition with 


parameter (23/70, e) (1 + D -i r My") for various pressure ratios 


(eq. (2)). 


T1986 


1192 


NACA ТМ 2914 


ak 
1; ' 


mancaim.m 


пи. 
“ВО. “ч 
LL m 


а 
4 


ЕН 
ЕНІНІҢ 


- 
"= шур = 


ж...) 
1 
an 

аа 


2 


ЕНІНЕН 
TE HEAHEA 


55 


ши: 


HEHEHEH 


1 


ТЕН 


тип - T 
l 


НЕА 
пип п Е TT T 
LLLLLLLLLLLL (NE MER ва Я ТТИ ЕЕНІІНІНТІТІНЕНШІІЗІІ . зара 
дм ММ UNNETPPEEESENEPEN! r алш ú п wg as iq a" 


corresponding to the lee-free condition 


19 


ео, (а + Tg му) 
(2)) 


Pressure altitude, 45,000 feet. 


(3) 


Variation of minimum free-stream statio temperature To 
for varloos pressure ratios (en. 


У 


(1+ 5 r 


o) 


J 


- Continued. 


vith parameter (74/Т0 


Figure 1. 


24 


Minimum free-stream static temperature, To с» OR 
2 


МАСА TN 2914 


490 4:2221:2:221:22112221222222225:2422211221151111: 


480 БЕН 


410 n 


nm qt 
ETE Ë 


r 
|| 


= 
LELE 
“ЕСЕН 
ини. sss 


ИІНІНЕ 


| L L. IL LI III IIS I NTI TI] III] LT DLL GG 1I 
Kk. <. шин 


460 HET. ши 


наши TT 


450 


Д-р 22224 4- 
MEHRENMENVA 
ЈУ ЈА ТАТЕ | 


ВЕ TTL] 
Мик". 
va 


SER eee “EERE 
мма T! 
` 


== 
ши 
нд 
ШЕ 
чи 
Es 
иш 
+ 
um 
ни 
ЕН 
ща 
ин 
А | | 
a4 
ши. 
mu 
аш 
иш 
ақа 
= 
NN 
ики 
ша 
ша 
| || 
иш 


EMRE eRe ДНК 


= L.L.I | | A | | | 1] 
KK. АМУ HY 
= HHJ REENA S EM ии 
а т | 
СЕТЕ ل‎ 


SEHET 
МГЕНІЗІНІЕ 


Hat HE A-H- 
SER ROGER ERE S АИНИБМИНЫНЫНЫҢУ 


rrtt: 


ала 
w шин 
=. чая 
xz 
УЕ ТТУ | 
шан anna 


а. LLL 12.) 21511: 1: унии UN 


А P 
жаннын ARE 
Pd 
4 


И 

А ||] 
pd 
a 
: 


tH 


430H 


Ом ENEH 


РАНЕЕ 
алиш -Н- 

личи 
ыы | 


a UNEEN NENNERMENA 


1.40 1.44 1.48 1.52 1.58 ” 1.60 


(j) Concluded. Pressure altitude, 45,000 feet. 


Figure l. ~ Concluded. Variation of minimum free-stream static 
temperature Toye corresponding to the ice-free condition 


with parameter (т1/то, о) (2 + r= r м2) for various pressure 
ratios (eq. (2)). 


2811 


Static-pressurs ratio, г. / Po 


ТІ82 


ТТТ пи 
111111111111! 
ЕТЕНЕ 
Totti ETE 
Tet 


Velocity ratio, V/V, 


(а) Velocity ratios less than 1. 


Figure 2. - Variation of statio-prassure ratio with velocity ratio in shock-free flow for various free-stream Mach mubers 
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Figure 3. - Variation of parameter (Ty /2p » ñ + L= r и“) with free-stream Mach number in shock-free flow 
for various static-pressure ratios (eq. (5)). 
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Figure 5. - Variation of minimum free-stream static temperature for ice-free surface 
as function of free-stream Mach number for station at 50 percent chord of 8.8 percent 
thick circuler are airfoil. 
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